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DoTransient cavities and the excess chemical potentials of hard-spheroid
solutes in dipolar hard-sphere solvents
Philip J. Campa
School of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, United Kingdom
Received 20 June 2005; accepted 17 August 2005; published online 17 October 2005
Monte Carlo computer simulations are used to study transient cavities and the solvation of
hard-spheroid solutes in dipolar hard-sphere solvents. The probability distribution of spheroidal
cavities in the solvent is shown to be well described by a Gaussian function, and the variations of
fit parameters with cavity elongation and solvent properties are analyzed. The excess chemical
potentials of hard-spheroid solutes with aspect ratios x in the range of 1/5x5, and with volumes
between 1 and 20 times that of a solvent molecule, are presented. It is shown that for a given
molecular volume and solvent dipole moment or temperature a spherical solute has the lowest
excess chemical potential and hence the highest solubility, while a prolate solute with aspect ratio
x should be more soluble than an oblate solute with aspect ratio 1 /x. For a given solute molecule,
the excess chemical potential increases with increasing temperature; this same trend can be observed
in hydrophobic solvation. A scaled-particle theory based on the solvent equation of state and a fitted
solute-solvent interfacial tension shows excellent agreement with the simulation results over the
whole range of solute elongations and volumes considered. An information-theoretic model based
on the solvent density and radial distribution function is less successful, being accurate only for
small solute volumes and low solvent densities. © 2005 American Institute of Physics.
DOI: 10.1063/1.2062027I. INTRODUCTION
The solvation of solutes in simple polar solvents is of
importance in almost all areas of chemistry and biochemis-
try. The way in which solvent molecules are ordered or not
around solute molecules can confer all manner of interesting
and useful phenomena upon the solution, including catalytic
activity, preferential solvation in solute mixtures, microphase
formation, and self-assembly. Some of the most important—
and complex—solvation phenomena occur in aqueous solu-
tions of hydrophobic solutes. Hydrophobic solvation is char-
acterized by negative energy and entropy changes
accompanying the insertion of a hydrophobic solute in to an
aqueous phase. One contribution to the energy change is
from the ever-present attractive dispersion interactions that
operate between all species, but the dominant contribution is
from specific solvent-solvent interactions facilitated by a re-
organization ordering of the solvent molecules around each
solute molecule; this latter effect also gives rise to the nega-
tive entropy change. Solvents with purely repulsive intermo-
lecular forces will seek to pack all accessible voids in the
solution and will therefore wet the surface of a solute; the
presence of strong solvent-solvent interactions causes a dew-
etting of that surface.1 As a result of the changes in energy
and entropy, the solubility of a hydrophobic solute in aque-
ous solution decreases with increasing temperature over
quite a wide temperature range, before reaching a minimum.
In the absence of attractive solute-solvent interactions, the
solubility minimum would occur at a temperature close to
aElectronic mail: philip.camp@ed.ac.uk
0021-9606/2005/12315/154501/9/$22.50 123, 1545
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ence of solute-solvent attractions shifts the solubility mini-
mum to significantly higher temperatures.2 The hydrophobic
attraction between hydrophobic solutes in aqueous solution
is an effective interaction arising from the fact that favorable
solvent-solvent interactions are maximized when the solute
molecules are in close proximity with one another, as op-
posed to being completely surrounded by solvent. Sophisti-
cated molecular theories have been proposed specifically for
hydrophobic solvation and attraction.3–9 For a recent discus-
sion of these concepts, and references to parts of the enor-
mous literature in this area, see Ref. 10.
The probability distribution of transient cavities in the
pure solvent can be used to explain the hydrophobic solva-
tion effects11,12 such as why nonpolar solutes are less soluble
in water than they are in nonaqueous solvents.13–15 In the
early 1990s, computer simulations were used to characterize
the transient cavities in a range of molecular liquids.16,17 This
was achieved by calculating the probability of finding a
spherical solute-sized cavity in the solvent. It was found that
although water has a larger free volume—or alternatively, a
smaller effective packing fraction—than do nonaqueous sol-
vents, that free volume is distributed among smaller cavities.
Moreover, nonaqueous solvents exhibit a greater ability to
redistribute free volume in order to accommodate large sol-
ute species. Such considerations are of fundamental impor-
tance in understanding the hydrophobic interaction and all of
its manifestations in biochemistry, nanoscale systems, and
materials chemistry.
This very brief discussion highlights the value of under-
standing the molecular-scale cavity structure in the pure sol-
© 2005 American Institute of Physics01-1
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
154501-2 Philip J. Camp J. Chem. Phys. 123, 154501 2005
Dovents before one proceeds to consider specific solvent-solute
systems. In Ref. 12 it was suggested that such investigations
could be extended to nonspherical cavities and solutes.
Simulation studies of this type have been carried out for
various hard-core solute/solvent systems18–23 but we are not
aware of any systematic comparison between rodlike and
disklike solutes. The current work is therefore concerned
with transient nonspherical cavities and the solvation of non-
spherical solutes in model polar solvents. For simplicity, we
consider hard-spheroid solutes or uniaxial hard ellipsoids in
a solvent made up of dipolar hard spheres DHSs. The DHS
system is the simplest model of a polar liquid, and is of
considerable intrinsic interest owing to its complex phase
behavior.24–32 In particular, the low-temperature properties of
the DHS fluid are dominated by the association of particles
in “nose-to-tail” conformations giving rise to chains and
rings at low densities, and extended networks at intermediate
densities.24,26,28 Therefore, the DHS system is an interesting
example of a fluid that should exhibit large transient cavities
as compared to nonpolar hard-sphere fluids at the same den-
sity.
We use Monte Carlo MC computer simulations to
study the size distributions of prolate rodlike and oblate
disklike spheroidal cavities in DHS fluids, and relate these
distributions to the excess chemical potentials of hard-
spheroid solutes. This allows an examination of the role of
solute shape, as well as the solute volume, on the solubilities
of nonpolar solutes in polar fluids. We then compare our
calculations with a scaled-particle theory33 SPT which de-
scribes the reversible work for insertion and subsequent
growth of a single solute molecule in to a solvent, and an
information-theory IT model5–7 involving the probability
distribution of the number of solvent particles within a
solute-sized volume.
This article is organized as follows. In Sec. II we de-
scribe the solute and solvent models, the SPT and IT ap-
proaches as applied to the model system, and the computer
simulation methods employed in this work. Results are pre-
sented in Sec. III, and Sec. IV concludes the paper.
II. MODEL AND METHODS
A. Model
The DHS solvent consists of hard spheres with diameter
, each carrying a central dipole moment . For two spheres
with separation vector r, the pair potential energy is
ur,1,2
=  , r 1 · 2/40r3 − 31 · r2 · r/40r5, r  ,
1
where r= r and 0 is the vacuum dielectric permittivity.
Thermodynamic parameters of the DHS system are ex-
pressed in dimensionless form as follows: the reduced num-
ber density *=3=N3 /V, where N is the number of par-
ticles in a volume V; the reduced dipole moment 	*
=		2 /40kBT3, where kB is Boltzmann’s constant, and T
* * 2is the temperature; the reduced temperature T = 1/	  .
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We will compute the probability of finding a spheroidal
cavity in the DHS fluid centered at a randomly selected point
in the system, and hence obtain the excess chemical poten-
tials of hard-spheroid solutes. The solute will be referred to
as component “2” of the resulting solution. With the spheroid
radial semiaxes denoted by a, and the polar semiaxis by c,
the elongation of the spheroid is given by x=c /a. The fun-
damental measures of the spheroid will be required in Sec.
II C, and are therefore recorded in Table I for reference.
B. Thermodynamics
Of central interest in this paper is the excess chemical
potential 
	2 of dilute hard-spheroid solutes in DHS sol-
vents where solute-solute interactions can be ignored. 
	2
can be related to the solubility of the solute in a variety of
situations, but to provide a concrete example consider the
transfer of a solute molecule from an ideal gas to an initially
pure solvent or an extremely dilute solution such that the
volumes of the gas and the solvent separately remain con-
stant. Thermal equilibrium between the gas and the solution
is assumed. The chemical potential of the solute in the ideal
gas is equal to
	2
vap
= kBT ln 2
vapV , 2
where 2
vap is the number density of solutes in the gas phase,
and V is the de Broglie thermal volume of the solute. The
chemical potential of solute molecules in solution in the
absence of solute-solute interactions is written as
	2 = kBT ln 2V + 
	2, 3
where 2 is the number density of solutes in the solution. At
equilibrium the chemical potentials of the solute in both
phases are equal, and from the mass-action law the associ-
ated partition coefficient can be defined as
K 

2
2
vap = exp− 
	2 , 4
where =1/kBT. The temperature dependence of the parti-
tion coefficient yields information on the energetic and en-
tropic contributions to 
	2. For transfer under conditions
TABLE I. Mean radius of curvature, surface area, and volume for prolate
and oblate spheroids with radial semiaxis a, polar semiaxis c, and elongation
x=c /a.
Prolate x1 Oblate x1
Eccentricity  	1−x−2 	1−x2
Mean radius
of curvature R2
c
2 1+ 1−
2
2
ln1+1−  c2 1+ arcsin 	1−2 
Surface area S2 2a21+ arcsin 	1−2  2a21+ 1−
2
2
ln1+1− 
Volume V2
4
3a
2c
4
3a
2cof constant volume the relevant expressions are
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Do
u2 = kBT2
 ln K
T
5
for the energy, and

s2 = kB
T ln K
T
6
for the entropy, where all differentiations are carried out with
gas volume, solvent volume, and number of solvent mol-
ecules held constant. Widom and co-workers have provided
the full details of analogous expressions for transfer under
conditions of constant pressure, and the physical situations to
which Eqs. 5 and 6 are applicable.10,34
C. Scaled-particle theory
We note that there are several theories of hard solute/
solvent systems that rely on representing nonspherical com-
ponents by spherical particles with effective radii;18–23 the
resulting effective hard-sphere mixture is then described by
accurate semiempirical formulas, such as the Boublik-
Monsoori-Carnahan-Starling-Leland equation of state.35,36 In
this work, we will show that the variations of 
	2 with sol-
ute size and shape can be described most intuitively within a
simple version of SPT.33 The excess chemical potential of a
hard spheroid with radial semiaxis a and polar semiaxis c is
equal to the reversible work required to insert a point particle
in to the solvent, and then to grow the point particle to full
size. Consider, then, a scaled spheroid with radial and polar
semiaxes equal to a and c, respectively, with =0 corre-
sponding to the point particle, and =1 to the full-sized par-
ticle. For hard-particle solutes and solvents, the Widom for-
mula relates the excess chemical potential for the solute at
reciprocal temperature =1/kBT to the probability P of in-
serting a solute at random in to the solution without incurring
any overlaps,37

	2 = − ln P . 7
In the spirit of SPT, we will interpolate between results that
are correct in the limits =0 and = to obtain a result for
=1. When  is small, the chemical potential of the scaled
spheroid is related to the free volume in the solvent, i.e.,

	2  − lnV − NVexV  , 8
where Vex is the excluded volume of the scaled spheroid
and a single solvent molecule. Obviously, this is only correct
when the solute is sufficiently small that it can only be in the
vicinity of one solvent molecule at any given time. The
sphere-scaled spheroid excluded volume is given by the fol-
lowing expression of Kihara:38
Vex = V1 + S1R2 + 2R1S2 + 3V2. 9
The fundamental measures for spheroids are given in Table I;
for DHSs the measures are R1= /2, S1=2, and V1
=3 /6. In the other extreme, →, the reversible work for
inserting the solute particle is dominated by the work done
against the pressure p of the solvent, and the normally posi-
tive contribution to the free energy arising from the inter-
wnloaded 09 Aug 2013 to 129.215.221.120. This article is copyrighted as indicated in the abstract.face between the solute molecule and the solvent. In this case
the excess chemical potential is

	2 
2S2
kBT
+
3pV2
kBT
, 10
where  is the solute-solvent interfacial tension. We now
approximate the excess chemical potential of a full-sized sol-
ute molecule with a cubic function of : the terms up to
order  are obtained by Taylor expansion of the combination
of 8 and 9; and the terms in 2 and 3 are taken from
10. Finally, we set =1 corresponding to the full-sized
solute molecule which yields

	2 = − ln1 −  +
6
1 − R2  + S2kBT + pV2kBT , 11
where =V1 is the packing fraction of the solvent. The first
term in 11 arises from the fact that the probability of in-
serting a point particle in to the solvent without overlap is
equal to 1−. The surface term proportional to S2 can also
contain an additional curvature contribution39 but it will be
explained below that this is unnecessary in the current appli-
cation. The pressure and solute-solvent interfacial tension
will be determined from computer simulations which we de-
scribe in Sec. III B.
D. Information theory
As detailed in Refs. 4–7 information theory can be em-
ployed to estimate the probability Pn that there are exactly n
solvent centers within a given volume of arbitrary size and
shape. In the present case, this volume is given by the ex-
cluded volume Vex of a spheroidal solute particle and a
spherical solvent particle 9. In the “two-moment” theory
Pn=expc0+c1+c2n2 with the coefficients chosen so that the
probability distribution is normalized and yields the mo-
ments

n=0

nPn = Vex, 12

n=0

nn − 1Pn = 2
Vex
dr1
Vex
dr2 gr1 − r2 , 13
where gr is the solvent radial distribution function. The
probability of successfully inserting a hard-spheroid solute
without incurring overlaps is equivalent to the probability of
there being no solvent centers within the spheroid’s excluded
volume, and hence 
	2=−ln P0=−c0. This two-moment
theory has been applied successfully to a range of problems
involving small solutes.2,40 To be successful for large solutes,
however, the theory demands higher moments as input,4
which in turn requires computing higher-order correlation
functions. This extension is not attempted here.
E. Computer simulations
Canonical NVT MC simulations of N=500 DHSs were
carried out in a cubic simulation cell with periodic boundary
41
conditions applied. The long-range dipolar interaction was
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Dohandled using the Ewald summation with conducting bound-
ary conditions. One MC cycle consisted of one trial transla-
tion and one trial rotation per molecule, on average. Run
lengths after equilibration consisted of O105 MC cycles.
The respective maximum displacements for translational and
rotational moves were adjusted to give acceptance rates of
20%.
To characterize the cavity structure in the DHS fluid, a
test particle was inserted in to the simulation cell with ran-
domly selected position and orientation. For a given elonga-
tion, the maximum possible spheroid radial semiaxis am that
would not result in any particle overlaps was determined.
This procedure was repeated 500 times every 20 MC cycles,
and a histogram of am was accumulated to yield a cavity
function Qam, the integral of which is

0

Qamdam = 1 −  . 14
The excess chemical potentials 
	2a=−ln Pa were
determined using the fact that for a given test-particle inser-
tion, all spheroids with the same elongation and aam
would be accommodated in the solvent without overlap. Pa
and Qam are related because the probability of successfully
inserting a test particle with radial semiaxis a is equal to the
likelihood of there being a cavity that can accommodate a
particle with radial semiaxis of at least that size,16 i.e.,
Pa = 
a

Qamdam = 1 −  − 
0
a
Qamdam. 15
III. RESULTS
The DHS fluid was studied with reduced dipole mo-
ments 	*=0 hard spheres, 	*=1, and 	*=2, corresponding
to the reduced temperatures of T*=, T*=1, and T*=0.25,
respectively. The number densities considered were *=0.2,
*=0.5, and *=0.8. For water under ambient conditions,
	*2 and *0.9; rough estimates of the parameters for
liquid ammonia are 	*1 and *0.8. Hard-spheroid sol-
ute particles were considered with elongations in the range of
1/5x5, and with a range of molecular volumes up to
20V1, depending on the density; at higher densities the prob-
ability of inserting a large solute particle in to the solvent
without overlap becomes too small to enable an accurate
evaluation of 7.
A. Cavity distributions and molecular structure
In Fig. 1 we show the cavity distributions Qam for
spheroidal cavities in a DHS solvent with *=0.2 and 	*
=2. Results are presented for spheroids with elongations of
x=1/5 oblate, x=1 spherical, and x=5 prolate. The dis-
tributions are well described by the Gaussian function,
Qam  exp− 12am − a0sa 
2 , 16
where a0 is the most probable radial semiaxis, and sa is the
corresponding width parameter. Distributions of the maxi-
mum polar semiaxis are defined analogously. The Gaussian
wnloaded 09 Aug 2013 to 129.215.221.120. This article is copyrighted as indicated in the abstract.function produced excellent fits at all of the DHS state points
and cavity elongations studied; results for *=0.2 and 	*
=2 are included in Fig. 1. In Figs. 2–4 we show the fitting
parameters for DHS solvents at densities of *=0.2, *=0.5,
and *=0.8, respectively, as functions of the spheroid elon-
gation. These figures also include the corresponding param-
eters for the polar semiaxis c.
The results for *=0.2 Fig. 2 show that with all dipole
moments, the most probable radial polar semiaxis de-
creases increases with increasing elongation. In addition,
the most probable polar semiaxis for prolate cavities with
elongation x1 is greater than the most probable radial
semiaxis for oblate cavities with elongation 1/x1; this is
just due to the fact that the polar semiaxis of a long, thin
spheroid is longer than the radial semiaxis of a short, fat
spheroid with the same volume. For a given cavity elonga-
tion, a0 and c0 are almost independent of the solvent polarity
except at the highest elongations considered where small
FIG. 1. Linear-log plot of the cavity distribution functions Qam for sphe-
roidal cavities of radial semiaxis a and elongation x in a DHS solvent with
*=0.2 and 	*=2: x=1/5 circles, x=1 squares, and x=5 diamonds.
The solid lines are fits to the Gaussian distribution.
FIG. 2. Statistics for the radial semiaxis open symbols and polar semiaxis
filled symbols of spheroidal cavities in DHS solvents at density *=0.2
and dipole moments 	*=0 circles, 	*=1 squares, and 	*=2 diamonds:
left most probable values, a0 and c0; and right width parameters, sa and
sc. The error bars are smaller than the symbols.
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Dodeviations are apparent. The width parameters in the Gauss-
ian functions vary in a similar way to the corresponding most
probable values, although they appear to be more sensitive to
the solvent dipole moment. Results for 	*=0 and 	*=1 are
almost identical, but those for 	*=2 are significantly larger
for both semiaxes and all elongations. At low dipole mo-
ments or high temperatures the distribution of cavity sizes
is narrower since there is only one characteristic length scale
in the solvent. At high dipole moments there is a strong
association of the solvent particles which gives rise to two
structural length scales: the average distance between
nearest-neighbor solvent particles, and the characteristic
length scale of the cluster network.28 This gives rise to a
broad range of cavity sizes, from small cavities located in the
vicinity of clustered solvent particles to large voids formed
by the free space in between clusters. Hence, a broader dis-
tribution of cavity sizes is found at higher dipole moments.
The width parameter is clearly a sensitive probe of the sol-
FIG. 3. Statistics for the radial semiaxis open symbols and polar semiaxis
filled symbols of spheroidal cavities in DHS solvents at density *=0.5
and dipole moments 	*=0 circles, 	*=1 squares, and 	*=2 diamonds:
left most probable values, a0 and c0; and right width parameters, sa and
sc. The error bars are smaller than the symbols.
FIG. 4. Statistics for the radial semiaxis open symbols and polar semiaxis
filled symbols of spheroidal cavities in DHS solvents at density *=0.8
and dipole moments 	*=0 circles, 	*=1 squares, and 	*=2 diamonds:
left most probable values, a0 and c0; and right width parameters, sa and
sc. The error bars are smaller than the symbols.
wnloaded 09 Aug 2013 to 129.215.221.120. This article is copyrighted as indicated in the abstract.vent structure, but we also note that it correlates with the
isothermal compressibility, T=−V−1V /pT V2− V2,
which must reflect to some degree the extent of fluctuations
in microscopic cavity volumes. At constant volume, T of the
DHS fluid decreases with increasing temperature; Fig. 2
shows that the width parameters for a given solute elongation
also decrease with increasing temperature.
Results for *=0.5 Fig. 3 and *=0.8 Fig. 4 show
similar trends, except that the most probable dimensions
show local maxima in the range of elongations considered.
For a given solvent dipole moment, these maximal values of
a0 and c0 occur for less anisotropic shapes as the density is
increased, which suggests that there are fewer long “holes”
in the fluid structure at high densities. The most probable
cavity dimensions and associated width parameters decrease
with increasing density. This is because as the density is
increased, the free volume in the vicinity of the clustered
solvent molecules represents a greater proportion of the total
free volume; since small cavities are located in the region of
the solvent molecules, and large cavities are located in be-
tween clusters, the most probable cavity dimensions and as-
sociated width parameters will be reduced. Additionally, we
note that T should decrease with increasing density and
hence the observed trends in the width parameters are con-
sistent with their being a correlation. a0 and c0 decrease with
increasing solvent dipole moment, whereas sa and sc in-
crease, once again due to the promotion of solvent-particle
association. The development of a heterogeneous fluid struc-
ture gives rise to a greater spread of cavity sizes, whereas the
shifts in a0 and c0 must be due to the decreasing nearest-
neighbor separation between solvent particles.
The influences of solvent dipole moment on the width
parameters are seen to decrease in magnitude with increasing
density. This is due to the fact that at low densities strongly
interacting DHSs associate to form networks that possess
heterogeneous cavity structures, whereas at high densities
the fluid structure is not qualitatively different from that of
pure hard spheres. This statement is backed up by Fig. 5,
which shows the static structure factor Sq in DHS solvents
at each density and dipole moment. There are many alterna-
tive choices of structural probe, but Sq does have the merit
of observing certain characteristic scaling laws in the pres-
ence of strong particle association.28 Sq was calculated in
the simulations directly using the relation
Sq =
1
Ni=1N cosq · ri2 + i=1N sinq · ri2 ,
17
where q is a reciprocal lattice vector of the simulation cell,
and contributions with equal q= q were averaged. At a den-
sity of *=0.2 the structure of the system with 	*=2 is
clearly different from the structures of those systems with
	*=1 and 	*=0. In particular, the strongly polar system ex-
hibits power-law behavior at low q; as discussed fully in Ref.
28, chainlike correlations give rise to the scaling Sqq−1.
At the higher densities, the structural features and thermody-
namic properties of the fluid are far less sensitive to the
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Dodipole moment, reflecting the dominance of the hard-sphere
repulsions.
B. Parametrizing the SPT
To test the SPT expression in 11 we need to determine
the values of the solute-solvent interfacial tension and the
solvent equation of state. The latter was obtained from simu-
lations using the virial equation,42
FIG. 5. Log-log plots of the static structure factors Sq for DHS solvents
with dipole moments 	*=0 circles, 	*=1 squares, and 	*=2 dia-
monds: a *=0.2, b *=0.5, and c *=0.8. The dashed line in a
follows the power law Sqq−1.
TABLE II. Thermodynamic properties of the DHS flu
the reduced temperature T*, the radial distribution fu
in units of kBT, the reduced pressure p3 /kBT, and t
* 	* T* g
0.2 0  1.3220
0.2 1 1 1.6492
0.2 2 0.25 9.6583
0.5 0  2.1558
0.5 1 1 2.4148
0.5 2 0.25 5.6678
0.8 0  4.0094
0.8 1 1 4.2377
0.8 2 0.25 6.1733wnloaded 09 Aug 2013 to 129.215.221.120. This article is copyrighted as indicated in the abstract.p
kBT
= 1 +
2
3
3g +
U
NkBT
, 18
where g is the radial distribution function at contact, and
U is the dipolar configurational energy. The second term in
18 represents the hard-core contribution to the equation of
state; g was estimated by extrapolating gr to contact
using a 2,2 Padé approximant. The results are included in
Table II.
The interfacial tension was obtained by fitting 11 to the
simulation results for spherical solutes only, with the inten-
tion of then applying the parametrized equation to nonspheri-
cal solutes. As examples of the procedure, in Fig. 6 we show
the excess chemical potentials of hard-sphere solutes as func-
tions of the radius a in DHS systems with 	*=2. It is em-
phasized that the only fitting parameter in 11 is the reduced
interfacial tension 2 /kBT.43 The fits included in Fig. 6 are
seen to be quite good; the resulting fit parameters are re-
ported in Table II. In earlier works16,17 it has sometimes
proven necessary to modify the interfacial term with a cur-
vature correction, i.e., the third term on the right-hand side of
11 is replaced by a contribution like,39
e reduced density *, the reduced dipole moment 	*,
at contact g, the dipolar energy U per molecule
uced solute-solvent interfacial tension 2 /kBT.
U /NkBT p3 /kBT 2 /kBT
0 0.3107 0.131 032
−0.2847 0.2812 0.130 852
−4.6588 0.0774 0.095 797
0 1.6288 0.51281
−0.6625 1.4332 0.50891
−5.7950 0.5702 0.45161
0 6.1742 1.36533
−1.0056 5.6758 1.36236
−6.8986 3.5558 1.31534
FIG. 6. Excess chemical potentials of hard-sphere solutes with radius a in
DHS solvents with 	*=2 and at various densities: *=0.2 circles, *
=0.5 squares, and *=0.8 diamonds. The symbols are from MC simula-
tions and the curves are best fits using 11.id: th
nction
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DoS2
kBT
1 − 4R2 19
where  is also to be parametrized against the simulation
results. This modification was fully tested against simulation
results, but in some cases it led to negative interfacial ten-
sions, and in every case gave rise to significant uncertainties
in the fit parameters with no visible improvement over 11.
C. Excess chemical potentials of hard-spheroid
solutes
With 11 parametrized using simulation results for
spherical solutes, we now turn to an examination of the ex-
cess chemical potentials for nonspherical solutes. To empha-
size the effects of molecular shape we compare the results
for hard-spheroid solutes with the same volume V2, but with
different elongations and hence different R2 and S2. In Fig.
7 we present the simulation results for DHS solvents at *
=0.2, and solutes with molecular volumes in the range of
V1V220V1. For a given molecular volume the spherical
solute has the lowest value of 
	2, and hence from 4 the
highest solubility. This reflects the well-known fact that the
ratio of surface area to volume is smallest for spherical mol-
ecules, and hence the unfavorable interfacial tension term in
11 is minimized with this geometry. 
	2 increases
sharply as the solute geometry deviates from the sphere, and
there is an approximate correspondence between the excess
chemical potentials of oblate solutes with elongation 1/x
1 and prolate solutes with elongation x1, although at
more extreme solute volumes the values for prolate solutes
are clearly lower than those for the corresponding oblate sol-
utes. These trends are well described by the SPT and IT
predictions, although the SPT is quantitatively superior be-
cause the chemical potential for spherical solutes is fixed in
the fitting procedure described in Sec. III B. Within the con-
FIG. 7. Excess chemical potentials of hard-spheroid solutes with elongation
x in DHS solvents with *=0.2 and various dipole moments: left 	*=0,
middle 	*=1, and right 	*=2. In each case the symbols correspond to
solute molecular volumes of V2=V1 circles, V2=2V1 squares, V2=5V1
diamonds, V2=10V1 up triangles, and V2=20V1 down triangles. The
symbols are from MC simulations, the solid lines are from SPT, and the
dashed lines are from IT.text of SPT, the variations in 
	2 are mainly due to a
wnloaded 09 Aug 2013 to 129.215.221.120. This article is copyrighted as indicated in the abstract.combination of differences in the mean radius of curvature
R2, and the surface area S2. This is illustrated in Fig. 8 which
shows R2 and S2 as compared to the same measures of
spherical particles with the same volume. S2 /R2 increases
with increasing particle volume, and so eventually the varia-
tion of 
	2 with x will mirror that of S2 shown in Fig. 8.
At higher densities very similar trends are observed in
the results from the simulations and the SPT and IT ap-
proaches. Results for *=0.5 and *=0.8 are shown in Figs.
9 and 10, respectively. At *=0.5 the simulation and theoret-
ical results clearly show that a prolate solute has a lower
excess chemical potential than an oblate solute with recipro-
cal elongation and the same molecular volume. This trend is
not obvious in the simulation results at *=0.8 because we
were only able to carry out calculations for V2=V1 although
the SPT and IT predictions for larger solute volumes should
of course show this effect. The SPT is seen to be more
accurate than the IT.
FIG. 8. Fundamental measures of spheroids compared to the corresponding
measures of spheres with equal volume as functions of the elongation x: the
mean radius of curvature R2 solid line and the surface area S2 dashed
line.
FIG. 9. Excess chemical potentials of hard-spheroid solutes with elongation
x in DHS solvents with *=0.5 and various dipole moments: left 	*=0,
middle 	*=1, and right 	*=2. In each case the symbols correspond to
solute molecular volumes of V2=V1 circles, V2=2V1 squares, V2=3V1
diamonds, and V2=4V1 up triangles. The symbols are from MC simula-
tions, the solid lines are from SPT, and the dashed lines are from IT.
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DoOther trends apparent in Figs. 7, 9, and 10 include the
increase in 
	2 with molecular volume and, more signifi-
cantly, the decrease in 
	2 with increasing 	* or decreas-
ing T*. Hence, the model system correctly shows that the
solubilities of nonpolar solutes in polar solvents or at least
those that can be described faithfully with a DHS model
will decrease with increasing temperature. This variation im-
plies that  ln K /T*0, and hence that the energy change

u20 5. Since T* ln K /T*0, it is also clear that the
entropy change 
s20 6. The magnitudes of the variations
in 
	2 with temperature—and hence 
u2 and

s2—increase with increasing solute molecular volume.
These results share some similarities with those for hydro-
phobic solvation, in which the presence of a solute molecule
in the solvent causes some sort of ordering of nearby solvent
molecules with an associated decrease of the solvent-solvent
interaction energy. It should be emphasized that in the
present case, there are no solute-solvent interactions beyond
the hard-core repulsion, and so an energy change upon in-
serting a solute molecule into the DHS solvent would arise
exclusively from solvent-solvent interactions. In contrast to
real hydrophobic solvation, however, there is no temperature
minimum in the solubility. Primarily this is due to the fact
that the results presented here are appropriate to conditions
of constant volume, not constant pressure. Hence, important
effects arising from the temperature variations of solvent
density are suppressed.2,6,40
IV. CONCLUSIONS
We have investigated the effects of molecular shape on
the solvation of hard-core solutes in model polar solvents.
The solutes are hard spheroids with a range of elongations
and molecular volumes, while the solvent consists of a fluid
of dipolar hard spheres. Although these are very crude rep-
resentations, the properties of the model systems should bear
some qualitative resemblance to those for real nonpolar sol-
FIG. 10. Excess chemical potentials of hard-spheroid solutes with elonga-
tion x and molecular volume V2=V1 in DHS solvents with *=0.8 and
various dipole moments: left 	*=0, middle 	*=1, and right 	*=2. The
symbols are from MC simulations, the solid lines are from SPT, and the
dashed lines are from IT.utes in “simple” polar solvents.
wnloaded 09 Aug 2013 to 129.215.221.120. This article is copyrighted as indicated in the abstract.Using computer simulations we have calculated the dis-
tributions of transient spheroidal cavities with specific elon-
gations in the pure model solvents. For a given solvent mo-
lecular dipole moment, the most probable cavity dimensions
decrease with increasing solvent density reflecting the reduc-
tion in free volume. More interestingly, for oblate spheroidal
cavities the shape corresponding to the maximum average
radial semiaxis become less anisotropic with increasing sol-
vent density; the same is true for prolate spheroidal cavities
with respect to the maximum average polar semiaxis. This
suggests that at high solvent densities, the probability of de-
veloping a nonspherical cavity is reduced due to tight pack-
ing of the solvent molecules. For a given solvent density and
cavity elongation, the average cavity size decreases with in-
creasing solvent dipole moment or decreasing temperature
due to the association of solvent particles and hence a reduc-
tion in the nearest-neighbor separation.
The excess chemical potentials of hard-spheroid solutes
of various molecular volumes have been calculated; these are
related to the cavity distributions since there is no solute-
solvent interaction beyond the hard-core repulsion. For given
solute molecular volume, solvent density, and temperature,
the excess chemical potential is minimized for spherical sol-
utes, while this function is less for a prolate solute with elon-
gation x than it is for an oblate solute with elongation 1/x.
These observations are easily explained with reference to a
simplified scaled-particle theory written in terms of the equa-
tion of state of the pure solvent, the solute-solvent interfacial
tension, and the fundamental measures of the solute mol-
ecule, i.e., the mean radius of curvature, the surface area, and
the molecular volume. Firstly, the unfavorable interfacial
tension contribution is minimized for spherical solutes. Sec-
ondly, the violation of x↔1/x symmetry for a given molecu-
lar volume is due to the differences in the mean radius of
curvature and surface areas between the two shapes. Since
the solubility of a spheroidal particle is simply related to the
excess chemical potential, we can predict that for a given
molecular volume, rodlike particles should be more soluble
than platelike particles, and spherical particles should be the
most soluble. To illustrate the magnitude of this effect, con-
sider a DHS solvent with *=0.8 and 	*=1, which roughly
corresponds to a typical polar molecular liquid. For prolate
and oblate solutes with moderate elongations of 3 and 1/3,
respectively, and with molecular volumes equal to that of a
single solvent molecule, Eqs. 4 and 11 with the values
given in Table II predict that the solubility of the prolate
solute will be about 17% higher than that of the oblate sol-
ute. Doubling the solute volume would result in the prolate
molecule being approximately 35% more soluble than the
oblate one.
For a given solute elongation and solvent density, the
excess chemical potentials of the solutes increase with in-
creasing molecular volume, and decrease with increasing sol-
vent polarity or decreasing temperature. The former trend
is obvious, while the latter trend is due to the formation of
large cavities caused by strong solvent-particle association.
The decrease in solubility with increasing temperature is
similar to that observed in the solvation of hydrophobic sol-
utes in water, and reflects the fact that the entropy of solva-
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Dotion is negative, i.e., the presence of the solute molecule
would lead to an ordering of the solvent. As a result of this
enhanced ordering, the energy change is also negative. In the
present calculations, the negative energy change is entirely
due to solvent-solvent interactions.
The trends observed in the simulation results are cap-
tured by the scaled-particle theory and a two-moment
information-theoretic model, although the former is quanti-
tatively more reliable. Nonetheless, it would be interesting to
examine why the two-moment theory fails by measuring the
distribution function Pn referred to in Sec. II D, and checking
on the significance of higher moments. Future simulation and
theoretical work could focus on the effects of solvent geom-
etry as well as the solute geometry. The scaled-particle
theory would seem to suggest that the situation would not
change qualitatively with solvent shape, because the key mo-
lecular variables are just average measures of molecular ge-
ometry mean radius of curvature, surface area, and volume.
This should be checked against the simulation results and the
information-theoretic approach beyond the two-moment
level; more subtle molecular mechanisms may be uncovered
by proper consideration of intermolecular correlations.
The results presented here should be qualitatively correct
for nonpolar solutes in “simple” polar solvents. Unfortu-
nately, a rigorous test of the simulation and theoretical results
against the experimental data is not yet feasible. Of course,
plenty of detailed information is available on the solvation
free energies of molecular species, and even their variations
with conformation,44 but the key results presented here con-
cern hard-spheroidal solutes of equal volume and reciprocal
aspect ratios. It would therefore be interesting to examine
experimentally the solubilities of, for example, nanoscopic
colloidal particles with well-controlled geometries and par-
ticle volumes that are large compared to the solvent so that
the prolate-oblate asymmetry is enhanced.
Note added in proof. After this work was accepted for
publication, Professor Shekhar Garde Troy, New York
kindly brought to our attention two significant papers explor-
ing, amongst other things, the Gaussian distribution of cavity
sizes Ref. 45 and the correlation between compressibility
and the width of the cavity-size distribution Ref. 46.
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